Abstract: The objective of this study was to determine the effect of silicon (Si) and cadmium (Cd) on root and shoot growth and Cd uptake in two hydroponically cultivated Brassica species (B. juncea (L.) Czern. cv. Vitasso and B. napus L. cv. Atlantic). Both species are potentially usable for phytoextraction. Inhibitory effects of Cd on root elongation were diminished by the impact of Si. Primary roots elongation in the presence of Cd + Si compared with Cd was stronger and the number of lateral roots was lower in B. juncea than in B. napus. Cd content per plant was higher in B. napus roots and shoots compared with B. juncea. Suberin lamellae were formed closer to the root apex in Cd + Si than in Cd treated plants and this effect was stronger in B. napus than in B. juncea. Accelerated maturation of endodermis was associated with reduced Cd uptake. Cd decreased the content of chlorophylls and carotenoids in both species, but Si addition positively influenced the content of photosynthetic pigments which was higher in B. napus than in B. juncea. Si enhanced more substantially translocation of Cd into the shoot of B. napus than of B. juncea. Based on our results B. napus seems to be more suitable for Cd phytoextraction than B. juncea because these plants produce more biomass and accumulate higher amount of Cd. The protective effect of Si on Cd treated Brassica plants could be attributed to more extensive development of suberin lamellae in endodermis.
Introduction
Heavy metals have become one of the main abiotic stress agents for plants, animals and humans. Cadmium (Cd) contaminates the soil and water by extensive mining and industrial activities increased in the late 19 th and 20 th century. This metal is of particular concern because it can accumulate in the food chain. In order to cope with the toxicity caused by Cd, complex defence mechanisms were evolved in plants.
Phytoremediation is the technology which uses plants and their associated rhizospheric microorganisms to remove, degrade, or immobilize various contaminants from polluted soils, sediments, groundwater or surface water (Weerakoon & Somaratne 2009 ). As biological processes are ultimately solar-driven, phytoremediation is in average ten-fold cheaper than engineering-based remediation methods (Marques et al. 2009 ). Phytoextraction is a green technology, reported several years ago in the studies by Raskin et al. (1994) and later by Brooks (1998) and is based on the capacity of the plants to absorb, translocate, and concentrate toxins from soil to the harvestable plant biomass. The success of phytoextraction is inherently dependent on proper plant selection. The selected plants must be fast growing with voluminous biomass and have the ability to accumulate large quantities of environmentally important metal contaminants in their shoot tissues (Blaylock et al. 1997; McGrath 1998) . The appropriate plants for phytoextraction of pollutants are still to be found. Several plants of Brassicaceae are promising candidates for phytoextraction of metals (Pollard et al. 2002) . Different genera of this family (e.g. Noccea caerulescens (J. & C. Presl.) F.K. Mey, Thlaspi rotundifolium (L.) Gaudin, Brassica juncea (L.) Czern, Cardaminopsis spp., Alyssum spp.) are known to accumulate heavy metals such as Cd, Zn and Ni (Prasad & Freitas 2003; Robinson et al. 2009 ). Indian mustard (B. juncea) was reported among the most viable candidates for the phytoextraction of a number of metals including Cd, Cr, 137 Cs, Cu, Ni, Pb, U and Zn (Kumar et al. 1995; Blaylock et al. 1997; Zhu et al. 1999) . B. juncea cultivars showed differential tolerance to Cd stress (Gill et al. 2011 ). This species does not belong to the hyperaccumulator species sensu stricto, but is an attractive candidate for phytoremediation due to its heavy metal tolerance (Bogs et al. 2003) . However other Brassica species (e.g. B. carinata A. Braun, B. napus L.) have notable metal tolerance (Marchiol et al. 2004; Vamerali et al. 2010) , and could be considered as possible candidates for phytoextraction.
Silicon (Si) is a beneficial element for plant growth helping the plants to overcome multiple stresses including biotic and abiotic ones (Ma 2004; Ma et al. 2006) . It plays an important role in increasing the plant resistance to pathogens (Datnoff et al. 1997) , alleviates the effects of abiotic stresses including salinity, drought, radiation, nutrient imbalance (Epstein 1999; Ma & Takahashi 2002; Ma 2004 ) and toxic metals, e.g. Al (Hodson & Evans 1995; Cocker et al. 1998 ), Mn (Okuda & Takahashi 1965) , Zn (Neumann & zur Nieden 2001) or Cd (Song et al. 2009; Vaculík et al. 2009; Lukačová-Kuliková & Lux 2010) . Most of the works focused on the role of Si in alleviating heavy metal toxicity are from graminaceous plants such as rice and maize that are known as Si accumulators. Data from dicotyledonous plants accumulating less Si are scarce (Liang et al. 2007; Song et al. 2009 ).
The aim of our work was to compare the impact of individually applied silicon and cadmium and also in their combination on root and shoot growth, development of suberin lamellae, Cd phytoextraction efficiency and chlorophyll content in two dicotyledonous crop species, B. juncea (L.) Czern. cv. Vitasso and B. napus L. cv. Atlantic in the context of their potential use in contaminated areas.
Material and methods

Material and growth conditions
Seeds of Indian mustard (B. juncea (L.) Czern. cv. Vitasso) and canola (B. napus L. cv. Atlantic) were supplied by Gene bank of Plant Production Research Centre Piešťany. B. napus L. cv. Atlantic is a medium-early and tall cultivar with good resistance against winter killing, with relative high oil content (Masarovičová et al. 2008) . Brassica juncea L. cv. Vitasso has short vegetation period from 40 to 60 days, can be grown in a wide range of soil types (Markovska et al. 2009) , and is potentially usable in phytoremediation (Pollard et al. 2002) .
Seeds were surface decontaminated with H2O2 (10%) for 1 minute and then washed in sterile water. Thereafter they were germinated on agar (8 g L −1 ) in a growth chamber at 27 ± 1 • C, 60-70% air humidity, under 12 h photoperiod and 80 µmol m −2 s −1 irradiance (after two days of stratification at 4
• C in the dark). Three-day-old seedlings were measured (shoot and primary root length) and transferred into containers with Hoagland solution with or without addition of Cd(NO3)2 4H2O (40 µM), and/or silicon (5 mM Si in the form of sodium silicate solution, 27% SiO2 dissolved in 14% NaOH) with pH adjusted to 6.2. Plants were cultivated in the growth chamber at 16 h photoperiod, temperature of 25/20
• C (day/night), 70% air humidity, and irradiance of 130-140 µmol m −2 s −1 for 7 days.
Measurement of growth parameters
After 7 days of cultivation the plant material was harvested, and washed 3 times in distilled water. The following growth parameters were determined: shoot and primary root length, number of lateral roots, fresh and dry weight of shoots and roots. Material for dry weight and Cd content determination was dried at 70
• C for 72 h. Root elongation was calculated as the % of root length increase during the cultivation.
Determination of the cadmium content Dry plant samples were ground in a mortar and dissolved in concentrated HNO3. After heating at 160
• C for 3 h, concentrated HF was added. Thereafter the samples were dried and a mixture of concentrated HNO3 and H3BO3 was added. The Cd concentrations in the shoots and roots were determined by flame atomic absorption spectroscopy (AAS) (PerkinElmer, 1100). The total content of Cd per plant was calculated from the Cd concentration (µg g −1 ) and average dry weight of roots and shoots.
Determination of the endodermal barrier development
Primary roots (five of each treatment) were embedded in agarose (6%) and free-hand cross sections were prepared. The sections were cut at every 5 mm and stained with fluorol yellow 088 for the detection of suberin lamellae (Brundrett et al. 1991; Lux et al. 2005; Zelko et al. 2012) . Sections were viewed and documented using inverted microscope DMI3000 B Leica and digital camera DFC 295. Ultraviolet illumination was used for fluorescence microscopy (excitation filter TBP 400 + 495 + 570, beam splitter TFT 410 + 505 + 585, and emission filter TBP 460 + 530 + 610, the wavelengths are in nm). To overcome the problem with different lengths of roots from each treatment and interspecific differences, the distance of the suberin lamellae formation from the root apex was expressed in percents of total root length (Vaculík et al. 2009; Redjala et al. 2011 ).
Determination of photosynthetic pigments
Photosynthetic pigments were extracted with 80% (v/v) acetone and their concentrations were determined spectrophotometrically (Chl a at 663.2, Chl b at 646.8, and carotenoids at 470.0 nm) according to Lichtenthaler (1987) . Chlorophylls and carotenoids absorption in the extract was measured using UV-1800 spectrophotometer (Shimadzu).
Statistical analysis
The results of growth parameters were analysed statistically by Stathgraphics 5.1. The data were evaluated by analysis of variance (ANOVA) and comparisons between the mean values were made by the least significant difference (LSD) test at P < 0.05, and standard error (SE) was calculated. The data (root length, number of lateral roots, fresh and dry weight of roots and shoots) presented are from five independent experiments; in each experiment 15 plants were analysed. Three independent repetitions of plant cultivation (in each experiment 40 plants) were analysed for determination of the Cd content in shoots and roots. For the statistical analysis of suberin lamellae development the data were obtained from five plants from each treatment.
Results and discussion
Biomass is one of the most important parameters indicating the stress in the plant and having direct impact on the phytoextraction efficiency (Blaylock & Huang 2000) . Our results show that the applied Cd induced inhibition of root dry weight production in both studied plant species (compared with respective controls). This inhibition represented 49.3% in B. napus and 27.6% in B. juncea (Table 1) . However, Nouairi et al. (2006) reported inhibition of root dry weight in different cultivars, 29% in B. napus cv. Drakkar and 35% in B. juncea accession no. 426308 after 15 days of Cd treatment. Application of Cd + Si reduced the root dry weight inhibition to 12.1% in B. napus and in B. juncea the root dry weight was 5% higher than in the control (Table 1). Similarly, in shoots, Cd induced inhibition of dry weight production in B. napus 30.1% and in B. juncea 27.8%. The application of Cd + Si reduced the shoot dry weight inhibition to 19% in B. napus and to 18.2% in B. juncea. B. napus produced higher root and shoot biomass than B. juncea either with or without Si. However, Cd induced higher inhibition of root biomass in B. napus than in B. juncea. These results may indicate not only differences between species and cultivars but also a positive effect of Si on biomass production in Cd treated plants as reported previously in various plant species (Zhang et al. 2008; Vaculík et al. 2009; Song et al. 2009; Lukačová-Kuliková & Lux 2010) . Cd similarly to other heavy metals causes root growth inhibition ) and increases the number of lateral roots (Lunáčková et al. 2003 ). The Table 1 and Fig. 1 show that Si reduced the Cd effect of both parameters in both species. Primary root elongation in the presence of Cd was inhibited in B. juncea (57.3%) and in B. napus (52.5%) ( Table 1) . Similar inhibition of root elongation (40-50%) was found in five various cultivars of B. juncea (Bauddh & Singh Fig. 1 . Effects of Cd and Si on the number of lateral roots in Brassica juncea and Brassica napus plants after 7 days of hydroponic cultivation in five independent repetitions. Cd -40 µM cadmium treatment, Cd + Si -40 µM cadmium with 5 mM silicon treatment, Si -5 mM silicon treatment. Different letters mean significant differences between the treatments at 5% level according to LSD test.
2011).
Comparison of five B. napus L. cultivars including cv. Atlantic did not show significant differences in root elongation (using IC 50 values) (Peško et al. 2011 ). The number of lateral roots increased in the presence of Cd in both species (Fig. 1) . In the presence of Cd + Si primary root elongation was greater compared with Cd treatment (Table 1) , and the number of lateral roots was lower compared with Cd treatment (Fig. 1) . The inhibition of primary root elongation was mitigated in the presence of Cd + Si, and was similar in both species (B. juncea 34.3%, B. napus 35.8%, Table 1 ). The primary root elongation and the number of lateral roots were not affected by Si compared with the control in both species (Table 1, Fig. 1 ). However, a positive effect on the primary root length was shown in maize (Vaculík et al. 2009 (Vaculík et al. , 2012 .
The development of suberin lamellae as the second ontogenic stage of root endodermis is usually stimulated in presence of toxic elements (Schreiber et al. 1999; Lux et al. 2011) . The formation of suberin lamellae in the endodermis in the control plants was more distant from the root apex in B. juncea (60%) compared with B. napus (45%) (Fig. 2) . With Cd the formation of this barrier was shifted closer to the apex in B. napus (22%) than in B. juncea (35%). Similar tendency in the development of endodermal suberin lamellae after Cd treatment was observed by Zelko & Lux (2004) in the roots of woody shrub species Karwinskia humboldtiana as well as by Martinka & Lux (2004) in the roots of Silene dioica. The suberin lamellae formation in primary roots from Cd + Si treatment (Fig. 2) was closer to the root apex in B. napus (14% distance from the root apex) compared with B. juncea (30% distance from the root apex). The closer formation of suberin lamellae to the root apex caused by Si in the presence of Cd has not been reported so far. Vaculík et al. (2009; reported that under exposure to lower concentrations of Cd in Cd + Si treated maize plants suberin lamellae developed more distant from the root apex and plants accumulated more cadmium compared to Cd treated plants. However, using higher concentration of cadmium, the fully developed suberin lamellae were formed at similar distance as in Cd treated plants and the Cd accumulation was also similar (Vaculík et al. 2012) . Different reaction of endodermal development to Si could be related to different concentrations of Si naturally occurring in different plant species. In angiosperms Hodson et al. (2005) reported Brassicales among the orders with the lowest content, while Poales with the highest content of naturally occurring Si. The different concentrations of Si in the plants may indicate differences in the metabolism of this element (Liang et al. 2007 ). The development of suberin lamellae in both Brassica species studied corresponds with Cd concentration in plants. Similarly, development of suberin lamellae associated with reduced Cd uptake was reported also in maize by Redjala et al. (2011) . Relation between differences in Cd uptake into root and shoot, and development of apoplasmic barriers was ascertained also by Vaculík et al. (2009 Vaculík et al. ( , 2012 . On the other hand, Song et al. (2009) attributed the protective effect of Si to suppressed Cd uptake in B. chinensis. Based on these facts, it can be assumed that Si-induced acceleration of endodermal maturation could be an important mechanism of protective effect of Si on Cd treated Brassica plants.
The Cd content per plant was higher in B. napus compared with B. juncea treated with Cd in both roots and shoots and it was higher in roots compared with shoots in both species. Higher Cd accumulation in roots than in shoots of B. juncea cv. Vitasso was ascertained also by Markovska et al. (2009) . Translocation of Cd to shoot was similar in both species (see shoot/root content quotient in Table 2 ) which corresponds with the results of Marchiol et al. (2004) .
The Cd contents (in roots and shoots) per plant were lower in both species treated with Cd + Si (Table 2) than in Cd alone, and Cd contents were higher in B. napus compared with B. juncea. The values of Cd shoot/root content quotient showed Si-enhanced translocation of Cd to shoot in B. napus (1.02) compared with B. juncea (0.73). In agreement with our results Vaculík et al. (2009) reported Si-enhanced translocation of Cd to the shoot, but on the other hand these authors reported increased Cd uptake in the presence of Si. Different data were found in B. chinensis (Song et al. 2009 ) and in rice (Zhang et al. 2008) where Si addition decreased both, Cd uptake and translocation Cd -40 µM cadmium treatment, Cd + Si -40 µM cadmium with 5 mM silicon treatment, Si -5 mM silicon treatment. Different letters mean significant differences between the treatments at 5% level according to LSD test. into the shoot. It may be assumed that Si effect on Cd uptake is variable and species specific. Higher Cd content per plant in B. napus plants than in B. juncea which has not been mentioned in the literature so far, may be associated with high intraspecific variability of B. napus. Ghani (2011) reported tolerant B. napus varieties with minimum reduction of growth parameters, but also sensitive varieties suffering severe growth reduction.
In plants, Cd affects both shoot growth and photosynthetic pigments content. Decrease of chlorophyll a and b in Cd treated plants was observed by several authors (e.g. Pavlovič et al. 2006; Šimonová et al. 2007) . Cd treatment caused reduction of shoot elongation, fresh and dry weight, as well as content of chlorophylls and carotenoids compared with the control in both species (Tables 1, 3) . Reduction of chlorophyll a and b content in Cd treated plants of both species was similar, however reduction of carotenoids content was higher in B. napus (45.1%) compared with B. juncea (26.7%). Similarly Nouairi et al. (2006) observed that the total chlorophyll content decreased more in B. napus cv. Drakkar compared with B. juncea accession no. 426308. The reduction of biomass by Cd (Table 1) as well as reduction of chlorophyll content (Table 3) was observed in several cultivars of B. juncea also by Bauddh & Singh (2011) . These authors assumed that the mentioned negative effects could be related with inhibition of chlorophyll biosynthesis. In the presence of Si shoot the elongation and dry weight were similar compared with the control in both species (Table 1) . Shoot elongation as well as fresh weight were higher in the presence of Cd + Si in B. juncea compared with B. napus than in Cd treatment. On the other hand, application of Cd + Si mitigated chlorophyll a and b decrease more in B. napus (26.5% and 20.1% respectively) than in B. juncea (43.4% and 38.7% respectively) (Table 3) . However, the carotenoids decrease was mitigated in the presence of Cd + Si more in B. juncea (4.5%) compared with B. napus (13.5%). Similarly to our results, sulphur (Anjum et al. 2008) as well as silicon (Song et al. 2011) diminished the negative effect of Cd on chlorophyll content in B. campestris. Metal stress usually decreases photosynthetic pigments content; therefore our results are in concordance with other data suggesting protective effect of the Si against Cd toxicity. However, the mechanism of the protective effect is to be elucidated. Song et al. (2009) reported Si-enhanced antioxidant de-fense capacity in Cd treated B. chinensis. Recent work of Vaculík et al. (2012) shows considerably decreased symplasmic and increased apoplasmic concentration of Cd in the shoot of Cd + Si treated maize plants. These authors assumed that alleviation of Cd toxicity might be attributed to enhanced binding of Cd to apoplasmic fraction in the maize shoot. Different mechanisms of Simediated protection could be linked with differences in natural concentrations of Si in plants.
Based on our results, B. napus could be more suitable for Cd phytoextraction than B. juncea, because these plants accumulate more Cd and produce higher biomass under controlled conditions. Acceleration of endodermal development in the presence of Si + Cd compared to Cd is reported for the first time and may be responsible for the decreased Cd uptake and mitigation of Cd toxicity in young Brassica plants.
